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REVIEW
Methods for attributing land-use emissions to products
Land-use change and land-use activities are major 
sources of the anthropogenic GHG emissions that 
cause climate change, totalling approximately a third 
(~31%) of all such emissions in recent years [1–3]. Land-
use activities are practices on land that have some con-
sistent and particular use (e.g., agriculture). Land-use 
change is the conversion of land from one use to another 
use. Together, net emissions from land-use activities and 
land-use change can be referred to as ‘land-use emis-
sions’. A few processes make up most of these land-use 
emissions: CO2 emissions result from clearing of forests, 
when the harvested, cut or disturbed biomass decays 
or is burned. CO2 emissions also result from seasonal 
burning of agricultural residues or prescribed burning 
of savannas and scrubland. Nitrogen in biomass, animal 
manure and nitrogenous fertilizers is released from soils 
as nitrous oxide [4,5]. Methane is produced by enteric fer-
mentation in livestock [6,7], by bacterial methanogenesis 
during wet rice cultivation [8,9], by anaerobic decomposi-
tion of livestock manure [10,11] and in saturated peat soils 
[12]. Furthermore, different agricultural and forestry 
practices may result in substantially different land-use 
emissions [10,13–16]. For example, flooded rice agricul-
ture on land recently cleared of forest where the soil is 
amended with manure and residues are incorporated in 
the soil will have a very different emissions profile from 
an upland rice system using synthetic fertilizers and 
burning residues between cropping seasons.
At the same time, atmospheric CO2 is absorbed by 
growing forests and recovering landscapes, reducing 
net land-use emissions. Afforestation, rehabilitation of 
degraded landscapes, replacement of annual crops with 
perennial crops, incorporation of agricultural residues 
in lieu of burning, agroforestry and allowing cropland 
to return to native habitat can all result in net seques-
tration of carbon.
According to gross estimates for the global terres-
trial carbon cycle, approximately 120 Gt C are fixed 
and sequestered each year by photosynthesis [17,18], 
which – without human intervention – are approxi-
mately balanced by respiration and decomposition (i.e. 
conversion of biomass carbon to CO2) [18]. However, 
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Roughly one-third of anthropogenic GHG emissions are caused by agricultural and forestry activities and land-
use change (collectively, ‘land-use emissions’). Understanding the ultimate drivers of these emissions requires 
attributing emissions to specific land-use activities and products. Although quantities of land-use emissions 
are matters of fact, the methodological choices and assumptions required to attribute those emissions to 
activities and products depend on research goals and data availability. In this review, we explore several 
possible accounting methods. Our results highlight the sensitivity of accounting to temporal distributions of 
emissions and the consequences of replacing spatially-explicit data with aggregate proxies such as production 
or harvested area data. Different accounting options emphasize different causes of land-use emissions (e.g., 
proximate or indirect drivers of deforestation). To support public policies that effectively balance competing 
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human land uses have disrupted 
this balance, reducing uptake and 
increasing respiration; globally, 
estimates of net land-use emissions 
are ~1.1 Gt C year?1[19]. Managing land use in order 
to decrease GHG emissions and increase sequestra-
tion of atmospheric CO2 is thus an important goal 
in mitigating global climate change, but this entails 
considering diverse biological processes and balanc-
ing these climate-related goals with food and timber 
production, biodiversity conservation and provision of 
ecosystem services.
Aims and scope
The millions of individual management decisions that 
together determine the magnitude of global net land-
use emissions are influenced by a complex set of fac-
tors. At present, major research efforts are focused on 
assessing socio-economic drivers of land-use emissions 
such as changes in population [20], economic devel-
opment [21–23], expansion of transport infrastructure 
[24,25], consumption patterns (e.g., dietary shifts) [26,27], 
access to international markets [28] and policy [29–32]. 
Increasingly, such research seeks to ascribe land-use 
emissions to particular agricultural systems or crops. 
Such attributions are an important step towards iso-
lating drivers of land-use emissions, raising awareness 
about ecological impacts of various products and prac-
tices and identifying intervention points for climate 
and land-use policies; nevertheless, assigning land-use 
emissions to specific crops or products is not straight-
forward. Moreover, the analysts working to attribute 
land-use emissions are incredibly diverse, working 
in fields of ecology, climate science, lifecycle assess-
ment, forestry and agronomy. And unfortunately for 
decision-makers trying to interpret such attributions, 
the methods, terminology and perspectives of these 
different analysts are equally diverse. For instance, 
lifecycle analysts commonly focus on a specific product 
(a ‘functional unit’) and work upstream through the 
value chain estimating material and energy demands 
and environmental impacts, including relevant land-use 
emissions [33,34]. In contrast, ecologists and climate sci-
entists often begin with regional or national estimates 
of land-use emissions and seek to assign these emissions 
to downstream products and consumers [35–37]. This 
review is especially intended to benefit analysts taking 
the latter approach. 
The aim of this review is to present and assess several 
different methodological options for assigning land-
use emissions to activities or products considering data 
availability and the goal of accounting. As part of the 
analysis and discussion, we also propose a conformed 
terminology that, if adopted, will be useful to those 
performing, describing and interpreting accounts of 
land-use emissions.
Attributing land-use emissions – and especially 
those emissions related to land-use change – to prod-
ucts entails many assumptions and value judgements. 
And often, these assumptions and values are not explic-
itly communicated. Figure 1 & 2 are decision trees of 
the main options analysts face when attributing land-
use emissions to specific actions and products. These 
decisions also reflect the organization of this paper. We 
begin with a brief introduction to the processes that 
must be considered when calculating land-use emis-
sions, and then discuss options for distributing these 
emissions in space and time (the first step of alloca-
tion; Figure 1). We then assess different methodologies 
for allocating these spatially and temporally resolved 
emissions to specific actions or products (Figure 2). 
Next, we discuss the substantive differences that result 
from these specific accounting decisions through an 
extended example (Figure 3–5). Finally, we conclude 
with a discussion of future emissions accounting 
exercises.
Key terms
Land-use emissions: GHG emissions 
from land-use activities and land-use 
change, collectively.
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Land-use emissions
   ? Agricultural emissions
The predominant land-use activity globally is agri-
culture. In 2011, 4.9 Gha globally were devoted to 
agriculture, or just over 37% of all land area [38]. By 
comparison, the global footprint of cities is only about 
0.5% of total land area [39]. Agricultural emissions 
refer to emissions directly linked at the field level to 
the production cycle of crops and livestock. Globally, 
N2O emissions from the application of synthetic and 
organic fertilizers, CH4 from enteric fermentation in 
livestock, manure management and rice cultivation 
were estimated to total 4.6 Gt CO2-e in 2010 [3], and 
CO2 from burning grasslands and agricultural waste in 
2009 were 0.7 Gt C [40]. Such agricultural emissions are 
coincident in time and space with agricultural produc-
tion (see Figure 3A). For example, while some of the 
nitrogen in fertilizer applied to a field is being taken up 
by growing crops, microbial nitrification and denitri-
fication eventually converts a fraction of that nitrogen 
(on the order of 1%) into N2O at short timescales [41]. 
Production of the crop (the product for attribution) and 
the N2O (the emissions to be attributed) occur at the 
same time and in the same field. In the same way, CH4 
emissions from enteric fermentation in beef cattle (and 
the decomposition of related manure) will be produced 
near in time and space as to the beef, just as agricul-
tural residues will usually be burned in the field. Thus, 
agricultural emissions can often be readily linked to the 
crop or animal product being produced, as prescribed 
by the IPCC Guidelines for National Greenhouse Gas 
Inventories [41] (bearing in mind that such attributions 
are still estimates with associated uncertainties; direct 
measurements of land-use emissions by chamber and 
eddy-covariance measurements exist for very few places 
and for very limited times).
However, not all agricultural emissions take place at 
the field level during the production cycle of the crop or 
animal. Some of the biomass produced by agriculture 
(e.g., food crops) may be transported long distances to 
the point of consumption, where the biomass is oxidized 
[42,43], which results in a spatial dislocation of emissions. 
Other biomass (e.g., crop residues) may decay over 
a period of years [44] or be used much later as a fuel, 
resulting in a temporal dislocation. Insofar as transport 
of biomass displaces CO2 emissions in space or protracted 
decay results in substantial CO2 emissions beyond a sin-
gle accounting period, these emissions will introduce new 
complexity in attribution (see discussion on distributing 
emissions in space and time later in the paper). 
   ? 3.2 Forestry emissions
Roughly half of global forests, about 2 of the total 4 
Gha, are used by humans as a source of wood and non-
wood products [45]. The term ‘forestry’ refers to manage-
ment of these forested areas. The production of forest 
products causes emissions in two ways: first, similar to 
agricultural emissions, fertilization and other manage-
ment in particular on plantations may lead to non-CO2 
GHG emissions (e.g., N2O and CH4); second, logging 
and wood harvest involves long-term disturbances of 
the carbon cycle that may lead to CO2 emissions and 
uptake spanning many accounting periods. Similarly, 
afforestation and regrowth will span many accounting 
periods. In addition, harvested wood is often trans-
ported long distances and transformed into secondary 
or tertiary products before its biomass carbon is oxidized 
[43]. Wood in buildings, structures, ships and furniture 
may take decades to ultimately decay (see discussion 
later in the paper).
   ? Land-use change emissions
Just as is sometimes the case with agricultural and for-
estry emissions, CO2 emissions following a change in 
land use (i.e., ‘land-use change’ emissions) often occur 
at times or places that are widely separated from the 
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time and place of land-use change. For example, when 
an area of forest or savanna is cleared for use as crop-
land (deforestation), the cleared biomass may have many 
different fates. For example, biomass is often burned 
immediately in situ, but it could also be left to decom-
pose slowly, such that its carbon will oxidize to CO2 
over a number of years to occur (e.g., see area shaded red 
in Figure 3B), or some of the biomass may be removed 
from the area and transported elsewhere, as in the case 
of forest products.
It should be noted that there are substantial uncertain-
ties associated with estimates of every type of land-use 
emission. A detailed treatment of such uncertainties 
and their quantification is included, for instance, in 
the IPCC guidelines [41]. While the magnitude of such 
uncertainties has implications on its own [46], in this 
paper we focus on attributing the uncertain estimates of 
land-use emissions to specific agricultural and forestry 
products.
While the changes in carbon stored in biomass on 
a given area of land may happen at varying timescales, 
the slow adjustment of soil carbon pools to altered lev-
els of vegetation happens on even longer timescales of 
several decades [44,47] (e.g., see areas shaded brown in 
Figure 3B). Meanwhile, generations of different crops 
may have been cultivated and harvested, with residues 
burned or incorporated, on the new cropland. For these 
reasons, assigning land-use change emissions from an 
area of land to specific agricultural products related to 
that area is complex and dependent upon a number of 
analytical assumptions.
Distributing land-use emissions in space
The first step in any assignment of land-use emissions to 
products is to quantify the net emissions to be assigned 
in space (Figure 1). The spatial resolution of such quan-
tification will most likely depend upon data availability. 
For instance, Carlson et al.[48] use satellite imagery to 
resolve land uses at the scale of individual oil palm plan-
tations in Indonesia, while Karstensen et al.[37] estimate 
land-use emissions at the scale of Brazilian states using 
aggregate deforestation data. The IPCC guidelines 
include detailed guidance on estimating land-use emis-
sions from a geographical area of interest even where 
spatially-explicit data of land-use activities and land-use 
change are not available [41].
   ? Displaced emissions
When agricultural, forestry or waste products are 
transported from the land where they are produced to 
a different area where they are subsequently converted 
to CO2 (e.g., by burning), it must be decided whether 
the resulting GHG emissions will be distributed to 
the region or parcel where the products originated or 
to the region or parcel where the GHG were emitted. 
Few studies have attempted to determine the location 
of emissions (i.e., the destination of transported land-
use products and waste) (but see, e.g., [42, 43]). Instead, 
CO2 emissions from biomass removed during harvest 
or clearing of land are most often assumed to have been 
oxidized within the same region as the land-use activity. 
This assumption is consistent with the Tier 1 approach 
under IPCC guidelines, although the guidelines pro-
pose and discuss more complex options (e.g., atmos-
pheric flow, stock-change and a 100-year method) (see 
Vol. 4, Chap 2 and 12 in [41]).
Figure 3. Idealized temporal distribution of (A) agricultural emissions 
and (B) land-use change emissions from 1 ha of forested land that 
was cleared in year 5 and then farmed or grazed for a period of 45 
years until (C) it was abandoned and native forest allowed to regrow, 
resulting in carbon sequestration. Although agricultural emissions (A) 
are relatively constant during managed use of the land (depending on 
the type of agricultural system, crop type and practices in use), land-use 
change (LUC) emissions after conversion of primary forest may be unevenly 
distributed in time (e.g., B). A likely scenario (B) is exponential decrease in 
the years after the clearing with some emissions continuing to year 30 and 
beyond [41]. The uptake of carbon after abandonment (beginning in year 
50, C) may be similarly uneven, as vegetation regrows and soils mature at 
different rates. Panels (D) and (E) show the same LUC emissions distributed 
uniformly over a 40-year period, and panels (F) and (G) show the same LUC 
emissions distributed according to a ‘carbon net present value’ scheme with 
a discount rate of 5%, which results in a convex-down curve that distributes 
a greater proportion of LUC emissions in the early years after a clearing, but 
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Distributing land-use emissions in time
After land-use emissions have been quantified for a 
given region of interest, the emissions must be dis-
tributed in time (Figure 2). Where all the land-use 
emissions of interest occur within a single accounting 
period (e.g., 1 year), it is simple to assign all the emis-
sions to that time period. But where actions taken in 
one accounting period result in emissions that span 
multiple accounting periods, there are several options 
for distributing the emissions in time. These options 
may also be used to distribute emissions that occur 
within a single accounting period over time in order to 
emphasize successive uses, for example, after a natural 
forest fire.
Figure 3 shows a 100-year timeline for a hypothetical 
hectare of forested land that is cleared in year 5 to use as 
cropland, then farmed or grazed in a relatively steady-
state manner for 45 years and finally taken out of pro-
duction and allowed to regrow in year 50. Agricultural 
emissions for this plot of land are shown in Figure 3A, 
with different options for distributing land-use change 
emissions (both biomass and soil) in time in the subse-
quent panels. These options are discussed in subsequent 
sections.
   ? Committed and legacy emissions
A number of previous studies have discussed the tempo-
ral distribution of land-use change emissions, and have 
defined some useful terms: Committed emissions are all 
the future emissions that will result from a change in 
land use regardless of when those emissions will occur or 
the integral of the emissions curves in Figure 3B (and D 
& F) [48,49]. Note, however, that where future emissions 
may vary depending upon management and subsequent 
changes in use (e.g., abandonment of the land), it may 
be difficult or impossible to accurately quantify such 
committed emissions. Legacy emissions are emissions 
occurring at any given time and that are the result of 
a specific change in land use that occurred in the past 
[37,50]. Figure 3B shows how legacy emissions related to a 
land-use change might be distributed in time according 
to our understanding of how the carbon cycle reacts to 
land-use conversions. The figure portrays an idealized, 
but likely qualitatively accurate, time distribution of 
emissions that would arise from a large, single act of 
native habitat clearing. 
Approximating the carbon response described by 
Houghton et al.[44] for temperate deciduous forest, ini-
tial stocks of carbon in vegetation and soils are each 
assumed to be ~110 tons of C (400 tons CO2); ~40% 
of the carbon in vegetation oxidized is assumed to be 
oxidized at the time of clearing, ~33% transferred to the 
soil pool and ~27% oxidized over the next 10 years. Of 
the initial soil carbon (including transferred vegetation 
carbon), ~55% is oxidized in the first 
15 years after the clearing, and an 
additional ~7% is oxidized over the 
following 15 years [44]. Thus, in this 
example, most of the emissions asso-
ciated with the land clearing would 
occur within a few years, as biomass 
is burned to rapidly clear the land 
or used as fuelwood within a few years. Some woody 
biomass, however, might be left on site as long-lived 
harvest residues or be hauled off and used for furniture 
or shipping crates or other longer-lived products, which 
decay slowly or are burned at the end of their lifetimes, 
whether as fuel or simply as a means of disposal (see, 
e.g., the long tail of emissions in time in Figure 3B). 
Conversely, when human use of the land ends (i.e., the 
land is abandoned), there is fast initial regrowth (seques-
tration) with net carbon fluxes that trend towards zero 
as the forest or native habitat approaches a quasi-equi-
librium state (in the absence of environmental changes; 
Figure 3C). Net zero emissions can occur either because 
the land cover has returned to its initial, full growth 
state or when it has recovered to some degraded state 
of secondary vegetation.
While the emissions profiles shown in Figure 3B & 
C are qualitatively plausible, information on even the 
approximate curvature for any particular land conver-
sion, let alone all conversions across space and time, is 
in most cases unavailable. Actual land-use emissions 
must therefore be estimated, for instance, by defining 
response functions that reflect our knowledge of car-
bon dynamics, often composed of stepwise linear or 
exponential equations for the individual carbon pools 
involved [1]. These can be generally applied to transitions 
in order to estimate legacy fluxes over time for both 
emissions and sequestration (i.e., Figure 3B & C) or 
summed to estimate committed emissions. Committed 
emissions can also be redistributed in time according to 
other methods. Two other options are described in the 
following sections.
   ? Uniformly distributed over arbitrary period
One possible choice is to distribute committed emis-
sions (either positive or negative) uniformly over a 
given time period(see Figure 3D & E). An obvious 
benefit of this method is its relative conceptual sim-
plicity (facilitating ease of communication and meth-
odological transparency) and computational ease. For 
this reason, product carbon footprint standards such as 
PAS 2050 and the GHG protocol suggest this method 
[51,52]. The one degree of freedom in the calculation is 
the total time period of distribution; once this period 
is chosen, annual emissions are simply the committed 
emissions divided by the number of years. In addition, 
Key terms
Committed emissions: The sum of all 
emissions, including future emissions, 
expected to result from a change in land 
use.
Legacy emissions: Emissions in a place 
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this method may be preferred in 
cases where a land-use succession 
is expected because the time period 
may be chosen to ensure that later 
uses are attributed emissions even if 
legacy emissions decay to near zero 
prior to those later uses. For exam-
ple, deforestation in the Brazilian 
Amazon has historically been driven 
by livestock in the short term (i.e., forested land is con-
verted to pasture land). However, pasture is often then 
converted to cropland within a few years, with the 
rapidity of forest–pasture–cropland succession varying 
by region (but note that in some regions forest is increas-
ingly being converted directly to cropland) [53,54]. In 
the forest–pasture–crop succession case, an exponential 
decay model would attribute a large portion of emis-
sions to the first use(i.e., pasture)after clearing, even if 
the second use(i.e., cropland)was initially anticipated 
and intended. Depending on the choice of time hori-
zon, uniform distribution of committed emissions may 
attribute a greater proportion of committed emissions to 
foreseeable later land uses and avoid disproportionately 
attributing emissions to land use immediately follow-
ing a change. Patterns of successive uses are common. 
For instance, in Indonesia, logging is expected to lead 
to oil palm plantations within a few years [48,55], and in 
Vietnam forest cleared for shifting subsistence agricul-
ture is routinely taken over by coffee plantations [56]. In 
such cases, analysts could conceivably distribute emis-
sions in time according to whether and to what extent 
the successive uses are foreseeable or intended by the 
parties who are clearing land.
   ?  Other depreciation scheme, present  
value/discount rate
The other option for distributing emissions in time is 
illustrated in Figure 3F & G, where the distribution of 
emissions is weighted towards the present time using the 
financial accounting concept of net present value and 
an arbitrary discount rate of 5%. Previous studies have 
applied the concept to value avoided emissions, carbon 
sequestration, and conserved habitats [e.g., 57, 58–60]. 
As with uniformly distributed emissions, such a ‘carbon 
net present value’ method is subjective and uncoupled 
from physical estimates such as legacy emissions. The 
benefit of the carbon net present value method is that 
it has a longer ‘vision’ than exponential decay and may 
more accurately attribute emissions to succession crops 
or secondary land uses that may have been anticipated 
or intended; at the same time, it captures some of the 
decay in emissions attribution that makes qualitative 
sense in the exponential case. As with financial account-
ing, this method is very sensitive to choice of discount 
rate; unlike financial accounting, however, where a local 
interest rate often serves as a default value, there is no 
obvious choice in the carbon net present value method 
for the discount rate. Rather, as where emissions are dis-
tributed uniformly over an arbitrary period, the choice 
of discount rate should be made – just as the choice to 
change land use is – in consideration of the foreseeable 
succession of land uses, perhaps informed by interviews, 
statistical analyses of recent land-use patterns, economic 
modelling or even agent-based modelling of local deci-
sion-making [61].
Each of the four proposed methods – committed, 
legacy, uniformly distributed, and future discounted 
(see Figure 4) – includes further choices that multi-
ply the option space. A key issue is the treatment of 
legacy emissions after an area is transformed from one 
use to another, for example, when the maize fields of 
Figure 4A are converted to soybean field or when an 
agricultural fields are abandoned (i.e., active use ends). 
Some of the legacy emissions will cease upon a further 
transformation, for example, the slow adjustment to 
new soil carbon levels from a forest to crop transforma-
tion will stop once cultivation of the land ends (i.e., the 
cropland is abandoned), but other emissions will not, for 
example, the decay of harvest residues and products will 
continue. If detailed carbon flux data is not available, 
the end-member choices are to fully cut off or to fully 
transfer all legacy emissions and adjust the quantity of 
emissions that are distributed in space and time. Such 
a choice is not necessary in Figure 4 because no land is 
abandoned in the example.
Attributing land-use emissions to actions/
products
   ? Spatially-explicit land-use data
Both committed emissions and legacy emissions have 
been used in the cited studies to attribute land-use 
change emissions to specific agricultural products. 
Carlson et al., for instance, assumed that all the car-
bon in aboveground biomass of forest that was cleared 
was immediately oxidized, and if the cleared area was 
planted with oil palm, they assigned all of these CO2 
emissions to oil palm ( ‘commitment accounting’) [48]. 
In contrast, Karstensen et al. sought to assign legacy 
emissions occurring in a given year to crops produced 
in the same year (‘legacy accounting’) [37]. However, 
directly linking committed or legacy emissions to crops 
requires spatially-explicit data or assumptions regard-
ing what crops are being grown where. And because 
of the difference in how emissions are distributed over 
time, the two approaches may lead to quite different 
conclusions. For example, Figure 4A shows a simplified 
spatial pattern of agriculture in an area of 4 ha over 
time. Assuming the emissions in Figure 3B are from this 
Key terms
Uniformly distributed emissions: 
Committed emissions distributed 
uniformly over an arbitrary period of 
time (e.g., 20 years). 
Future discounted: Committed 
emissions distributed over some period 
according to a net present value 
concept that assigns more emissions to 






















































Methods for attributing land-use emissions to products Review
239
area, commitment accounting would attribute all emis-
sions from initial clearing of forest to maize and none 
to soybean because in the Figure 4A example soybean 
always replaces maize and never forest. How to assign 
land-use change emissions where production systems 
are routinely displaced, as in Figure 4A, is a recognized 
problem with commitment accounting [62]. But legacy 
accounting may have similar problems because, in the 
Figure 4A example, it would attribute the majority of 
emissions to maize during the first year after clearing, 
and much less to the soybeans grown later.
Allocating land-use emissions to specific products 
is further complicated because spatially-explicit agri-
cultural data (Figure 4A) are frequently unavailable 
and tend to exist only at smaller scales, such as where 
detailed remote sensing products have been created to 
monitor a particular area or land-use trend. An example 
of this is the work on oil palm plantations in Indonesia 
by Carlson et al. [36,48]. Such detailed data are often una-
vailable, especially at larger scales of analysis. In such 
cases, several alternative methods of assigning emissions 
to specific products exist.
It should be noted that attributing land-use emissions 
to specific products may not be necessary, for instance, 
where the results are for a national inventory as opposed to 
a life cycle analysis. Here, we are assuming that the analyst 
is attempting to be as specific as possible in her attribution.
   ? Production as proxy
Where information about crops or livestock grown on 
specific land parcels is not available, it may be possible 
to distribute emissions from a region according to the 
quantity of agricultural goods produced in that region. 
For example, the UN FAO collects and publishes data 
on the mass of agricultural goods produced by nations 
[38]. This method of allocation rests on an assumption 
that land-use emissions are correlated with agricultural 
production. For example, Figure 4B illustrates produc-
tion from the 4 ha area in Figure 4A in each of 4 years. 
In year 3, two-thirds (four units) of the production is 
maize and one-third (two units) is soybean. Thus, if 
emissions were being assigned based on this produc-
tion, two-thirds of the emissions of year 3 would be 
attributed to maize and one-third to soybean (with 
the total emissions in that year of course depending 
upon how emissions were being distributed in time). 
In this example, the absence of spatially-explicit pro-
duction data makes the issue of temporal distribution 
less salient. Although Figure 4A shows that forest is 
converted to maize production in years 2, 3 and 4, 
Figure 4. (A) An idealized, spatially-explicit progression of land use and crops grown in a 4 ha area over a 
4-year period. (B) The production (e.g., mass or economic value) of crops produced in each corresponding year. 
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the production of maize is relatively constant over the 
same period. If, in this example, all future (committed) 
emissions were assigned according to production, some 
emissions would be assigned to soybeans even though 
soybean agriculture was never the proximate cause of 
forest clearing. 
The units of production need not be mass, although 
that is likely to be the most readily available data. For 
instance, emissions might logically be assigned in pro-
portion to the economic or monetary value of produced 
goods. Or, production might be measured according to 
the nutritional value of the agricultural good produced, 
whether calories, protein, fat, etc. If the accounting of 
land-use emissions were ultimately intended to support 
climate policy, these different alternatives would reflect 
different priorities and intervention points for policy. 
That is, assigning emissions based on economic value 
might make sense where policymakers seek to distrib-
ute the burden of climate policy according to the abil-
ity of different farmers, land managers and consumers 
of agricultural and forest products to pay. In contrast, 
assigning based on the mass of goods produced or the 
nutritional value of those goods might make sense where 
policymakers seek to distribute the burden of climate 
policy according to the energy or industrial effort of 
production or, in this case of nutrition, according to 
some attributed ‘public policy value’ of the goods.
Lastly, given the dynamic nature of change in land 
use, it may be possible and desirable to assign emissions 
based on changes in the quantity of agricultural goods 
produced in the relevant region. For example, the ideal-
ized example in Figure 4B would assign emissions from 
year 3 according to changes in production between 
years 2 and 3: one-third (4 – 3 ? 1 unit) to maize and 
two-thirds (2 – 0 ? 2 units) to soybean. Using change 
in production as a basis for allocation requires that other 
causes of change be considered in order to avoid unin-
tended distortions in how emissions are assigned. For 
example, if environmental conditions or a new disease 
or pest diminish the production of a specific crop in 
successive years, and farmers respond by clearing for-
est and planting more of that crop, production of that 
crop might not change much while its expansion was 
nonetheless prompting substantial land-use change and 
emissions.
   ? Area as proxy
Another alternative where spatially-explicit data of 
agricultural production is unavailable is to assign emis-
sions according to the land areas dedicated to different 
agricultural goods. For example, Saikku et al. allocate 
Brazilian land-use change emissions to exported biomass 
products based on the area occupied by their production 
[63]. This method of allocation assumes that land-use 
emissions are closely related to land area. Figure 4C 
shows the overall number of hectares of forest, maize 
and soybeans within the example area, but not which 
crop is on which hectare (as shown in Figure 4A). Such 
aggregated area data is analogous to the information 
collected and published by the FAO on the areas of 
different crops harvested in each country [38]. Because 
land use is inherently spatial, it is intuitively appealing 
to distribute land-use change emissions according to the 
areas being used to produce different agricultural goods. 
As an aggregate perspective of how a region’s land is 
being used, this method neglects the details of how one 
use succeeds another and arguably assesses the underly-
ing drivers of land-use change regardless of proximate 
cause. For example, Figure 4C shows no increase in the 
area of maize after year 2 even though forest is cleared 
for maize in years 3 and 4 (Figure 4A), while the area 
of soybeans grows in years 3 and 4 even though no for-
est is directly replaced by soybeans (Figure 4A). Such 
issues are particularly relevant in areas of where crops 
are commonly rotated, where one land use frequently 
displaces another, or where shifting cultivation is com-
mon practice.
While the different quantities of production (e.g., 
mass, economic value, nutrition) are indirect metrics 
meant to indicate how productively land is being used, 
area is a direct and indivisible characteristic of land 
use. Allocating emissions by land area used therefore 
introduces no new characteristics. Policies based on this 
method would therefore tend to encourage emissions 
reduction by intensification of land use [64].
Just as with production, it is also possible to allocate 
emissions not only by the land areas used but also by the 
changes in areas used. For example, carbon emissions to 
the atmosphere would be allocated according to positive 
changes in used areas (i.e., expansions) and carbon taken 
up from the atmosphere and stored in biomass would 
be allocated to expansions of regrowing (net seques-
tering) areas. Again using the example in Figure 3C, 
the change in area of maize from years 2 to 4 is zero, 
while the change in area of soybeans over the same 
period is 1 ha per year. Thus, all land-use change emis-
sions from conversion of forest in those years would be 
assigned to soybeans. This result is even more extreme 
in linking land-use change emissions with the indirect 
causes of land-use change.
Other issues in attributing land-use emissions
   ? Indirect land-use change
It is generally understood that land use in one place 
may drive land-use change in other places. For instance, 
it might be inferred from Figure 4 that by switching 
the upper right hectare from maize to soybeans in 
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hectare to cropland growing the displaced corn. Given 
global economic markets, such displacements may span 
great distances and national boundaries. No matter the 
distance, this linkage is often referred to in the litera-
ture as ‘indirect land-use change’ or ‘leakage’[65–70]. 
There remains considerable debate over whether and 
how such indirect land-use change emissions ought to 
be accounted for and to which activities or products 
it should be attributed. In this paper we have demon-
strated that different attribution methods (e.g., change 
in areas dedicated to different uses) may emphasize 
indirect drivers of land-use change.
   ? Permanence
Some policies and programmes designed to avoid defor-
estation or induce afforestation (e.g., the UN REDD 
Programme) financially compensate land managers to 
conserve standing forest or regrow forest. In these cases, 
there is an issue of ‘permanence’ or how to ensure that 
these forests will not later be cleared for agriculture 
[71,72]. Although this review is not aimed at informing 
these sorts of programmes, the different accounting 
methods discussed and shown in Figure 3C, E & G 
could conceivably be used to distribute the emissions 
that will be sequestered by regrowing forests over time 
in the future (and perhaps the corresponding compensa-
tion to land managers).
   ? Intermediate goods and trade
After assigning land-use emissions to particular agri-
cultural and forest products, it may also be of interest 
to assess where and how the products are consumed 
[21,37,42,43,63,73,74]. In some cases, consumption-based 
accounting of land-use emissions will highlight issues 
of indirect land-use change mentioned above. For exam-
ple, consumption of maize in a country may remain 
constant even while production of maize in the coun-
try decreases if compensated for by imported maize. 
A production-based accounting of land-use emissions 
would show a decrease in agricultural emissions in that 
country, but would miss the fact that demand from 
that country resulted in land-use emissions elsewhere 
(a classic example of emissions leakage) [75–77]. A con-
sumption-based accounting system would attribute 
the land-use (and transport) emissions to the country 
where agricultural and forest products are ultimately 
consumed.
Such analysis entails methods such as environmen-
tal input–output modelling that are beyond the scope 
of this paper, except to recognize that there are also 
methodological alternatives in those cases, as well. For 
instance, do the land-use emissions assigned to soybeans 
ultimately transfer to the meat of animals fed with the 
soybeans? What if the meat is processed and becomes 
an ingredient to some other food product? What if 
that food product is only partially consumed and is 
disposed of in a landfill where it eventually decomposes 
anaerobically to CH4? Methods such as input–output 
modelling may be able to track and assign the original 
land-use emissions to either intermediate steps in the 
supply chain (e.g., bilateral trade analysis as in [37,74]) or 
to the final consumer (e.g., multiregional input–output 
analysis as in [43,75]). However, available data on interna-
tional trade is often aggregated into broad sectors such 
that it may be difficult to draw meaningful conclusions 
about specific products.
Conclusions
Figure 5 demonstrates the large differences in how land-
use change emissions may be assigned to crops depend-
ing upon the accounting method used. The emissions 
are assigned to maize and soybeans assuming use of a 4 
ha area that follows the example shown in Figure 4 and 
assuming that the land-use change emissions per hectare 
of forest cleared correspond to those shown in Figure 3B. 
As the first column of Figure 5 shows, assigning all 
future emissions in the first year after clearing – com-
mitted emissions – leads to very large annual emis-
sions in the years when clearing occurs (but none after-
wards). The other columns essentially reflect the extent 
to which land-use change emissions are spread out in 
time: exponential decline of emissions as mediated by 
the natural carbon cycle (column 2, legacy emissions) 
leads to quite large emissions in the early years after 
clearing, whereas uniformly distributing the land-use 
change emissions over 40 years (column 3, uniformly 
distributed) leads to quite small emissions that (not 
shown) extend further into the future. Considering the 
different approaches to assigning emissions to products, 
we find that allocation by production and by land area 
(rows 2 and 4, respectively) reasonably approximate 
the allocation where spatially-explicit data is available 
(row 1). In contrast, allocating by change in produc-
tion or change in land area assigns more emissions to 
the indirect driver of land-use change in the example, 
which is soybean farming.
This review has presented a variety of methods 
for assigning emissions from land-use activities to 
particular agricultural goods, considering the distri-
bution of the emissions over time and techniques for 
attributing the emissions to produced goods in the 
absence of perfect information about exactly which 
parcels of land were required to produce the goods. 
Each of these methods has its own advantages and 
limitations and offers different potential insights into 
the relationship of human land-use activities and the 
resulting emissions. Further, no single method can be 
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by us humans for our own use and not natural laws 
to be discovered. Accounting methods are tools to 
be used for specific purposes. Given this fact, what 
is important is that analysts conducting carbon 
accounting of land-use emissions carefully consider 
the strengths and weaknesses of each approach for 
their particular purpose and clearly explain and jus-
tify their choices. Once an accounting method is 
chosen, however, calculated values should depend 
on ascertainable facts.
Future perspective
Irrespective of method, structured and comprehensive 
accounting of land-use emissions must continue if we 
are to fully understand global trends in land use and 
inform policies that effectively maximize agricultural 
productivity and minimize environmental harms such 
as land-use emissions. In the coming decade, we expect 
large advancements in the attribution of land-use emis-
sions, and environmental harms generally, to specific 
human actions and products. The drivers of this progress 
we foresee are increasing quantities, types and quality of 
data on land use and related GHG emissions; increasing 
interdisciplinarity of analysts, allowing research that 
relies upon a mixture of methods developed in different 
and previously unrelated fields such as life cycle analysis, 
economics and environmental science; and increasing 
demand for such research as population and affluence 
of nations grow and environmental resources such as 
land become even more scarce. 
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Figure 5. Differences in land-use change emissions attributed to maize (yellow) and soybeans (red) using 
different accounting methods to distribute the emissions over time (columns) and to the crops (rows). In 
generating these results, we assume land-use change emissions per hectare of converted forest are distributed as 
shown in Figure 3B, D & F, and a 4 ha area was converted and used as shown in Figure 4A. Herein, we show only the 
emissions attributed to products in the 4 years illustrated in Figure 4. With no further land-use change, in year 40, 
emissions in the ‘uniformly distributed’ column will be the same while the other columns would be very small. Note 
that the vertical axis of column 1 differs from that in the other columns in order to accommodate the much larger 






















































Methods for attributing land-use emissions to products Review
243
References
Papers of special note have been highlighted as:
 ? of interest
1. Houghton RA. The annual net flux of carbon 
to the atmosphere from changes in land use, 
1850–1990. Tellus B 51, 298–313 (1999).
2. Houghton RA, Werf GRVD, Defries R et al. 
Chapter G2 carbon emissions from land use 
and land-cover change. Biogeosci. Discus. 9, 
835–878 (2012).
3. Tubiello FN, Salvatore M, Rossi S, Ferrara A, 
Fitton N, Smith P. The FAOSTAT database 
of greenhouse gas emissions from agriculture. 
Environ. Res. Lett.8 , 015009 (2013).
4. Mosier A, Kroeze C, Nevison C, Oenema O, 
Seitzinger S, Cleemput OV. Closing the 
global N2O budget: nitrous oxide emissions 
through the agricultural nitrogen cycle. 
Nutrient Cycling Agroecosyst. 52, 225–248 
(1998).
5. Davidson EA. The contribution of manure 
and fertilizer nitrogen to atmospheric nitrous 
oxide since 1860. Nature Geosci. 2, 659–662 
(2009).
6. Mosier AR, Duxbury JM, Freney JR, 
Heinmeyer O, Minami K, Johnson DE. 
Mitigating agricultural emissions of methane. 
Climatic Change 40, 39–80 (1998).
7. Johnson KA, Johnson DE. Methane 
emissions from cattle. J. Anim. Sci. 73, 
2483–2492 (1995).
8. Yan X, Akiyama H, Yagi K, Akimoto H. 
Global estimations of the inventory and 
mitigation potential of methane emissions 
from rice cultivation conducted using the 
2006 Intergovernmental Panel on Climate 




 ? Land-use emissions to the atmosphere are predominantly CO2 from burned or decaying biomass in cleared forest, grasslands or 
agricultural areas; N2O from soils amended with organic or synthetic fertilizers; and CH4 from enteric fermentation in livestock and  
bacterial methanogenesis of organic matter in anaerobic environments.
 ? Offsetting land-use emissions to the atmosphere, growing forests and recovering landscapes take up CO2 from the atmosphere.
 ? Globally, in recent years, estimates of net land-use emissions are ~1.1 Gt C year?1. 
Aim and scope
 ? Research is increasingly focused on attributing land-use emissions to specific human activities and products, using a wide-range of 
methods and with different goals.
 ? This aim of this review is to help analysts by presenting and assessing different methodological options for such research, considering 
available data and some of the different goals of such accounting.
Land-use emissions
 ? Land-use emissions include both emissions from land-use activities and emissions from changes in land use. Key sources of land-use 
emissions thus include N2O emissions from the application of fertilizers, CH4 from enteric fermentation in livestock, manure management, 
and rice cultivation, CO2 from burning of agricultural wastes as well as logging, wood harvest, and conversion of unmanaged landscapes 
to human uses.
Distributing land-use emissions in space
 ? Methods available for attributing land-use emissions to specific geographical regions will depend predominantly on available data and 
whether biomass products are transported.
Distributing land-use emissions in time
 ? Four methods available for attributing land-use emissions, and especially land-use change emissions, in time are: (1) All future emissions 
from a change in land use may be assigned to the year of the change (‘committed’ emissions); (2) The emissions occurring in each year due 
to past changes in land use may be estimated (‘legacy’ emissions); (3) Committed emissions may be amortized over an arbitrary period of 
time (‘uniformly distributed’ emissions); or (4) Committed emissions may be distributed by applying a net present value concept (‘future 
discounted’ emissions). 
 ? Each of these methods may be preferred depending on the purpose of the emissions accounting.
Attributing land-use emissions to actions/products
 ? After land-use emissions have been assigned to a place and a time, they may attributed to specific actions or products: (1) by the quantities 
of such goods produced (or actions taken); (2) by the change in the quantity of goods produced (or actions taken) since the previous 
accounting period; (3) by the area dedicated to the production of the goods; or (4) by the change in the area dedicated to the production 
of the goods since the previous reporting period. 
 ? Each of these methods may be preferred depending on the purpose of the emissions accounting.
Other issues in attributing land-use emissions
 ? Contentious issues such as indirect land-use change, permanence and emissions embodied in trade may complicate attributions of land-
use emissions. For this reason, these issues are areas of active research.
Conclusions
 ? To illustrate the large effect the various methods discussed can have on land-use emissions attributed to specific crops, we provide results 
that apply each combination of methods to the same simple, hypothetical scenario.























































Carbon Management (2014) 5(2)244
Review Davis, Burney, Pongratz & Caldeira
9. Yan X, Yagi K, Akiyama H, Akimoto H. 
Statistical analysis of the major variables 
controlling methane emission from rice fields. 
Global Change Biol. 11, 1131–1141 (2005).
10. Steed J, Hashimoto AG. Methane 
emissions from typical manure 
management systems. Bioresour. 
Technol.50, 123–130 (1994).
11. Zeeman G. Methane production/emission in 
storages for animal manure. Fertilizer Res. 37, 
207–211 (1994).
12. Gorham E. Northern peatlands: role in the 
carbon cycle and probable responses to 
climatic warming. Ecological Appl. 1(2), 
182–195 (1991).
13. West TO, Marland G. A synthesis of carbon 
sequestration, carbon emissions and net 
carbon flux in agriculture: comparing tillage 
practices in the United States. Agri. Ecosyst. 
Environ.91, 217–232 (2002).
14. Putz FE, Zuidema PA, Pinard MA et al. 
Improved tropical forest management for 
carbon retention. PLoS Biol. 6(7), e166 
(2008).
15. Ussiri D, Lal R. Soil Emission of Nitrous Oxide 
and Its Mitigation. Springer, New York, USA 
(2013).
16. Beauchemin KA, Mcginn SM. Methane 
emissions from beef cattle: effects of fumaric 
acid, essential oil, and canola oil. J. Anim. Sci. 
84, 1489–1496 (2006).
17. Beer C, Reichstein M, Tomelleri E et al. 
Terrestrial gross carbon dioxide uptake: 
Global distribution and covariation with 
climate. Science 329, 834–838 (2010).
18. IPCC. IPCC Fourth Assessment Report (AR4): 
Climate Change 2007. IPCC, Geneva, 
Switzerland (2007).
19. Houghton RA, Van Der Werf GR, Defries R 
et al. Carbon emissions from land use and 
land-cover change. Biogeosciences 9, 
5125–5142 (2012).
20. Uriarte M, Pinedo-Vasquez M, Defries RS 
et al. Depopulation of rural landscapes 
exacerbates fire activity in the western 
Amazon. Proc. Natl. Acad. Sci. USA. 109(52), 
21546–21550 (2012).
21. Defries RS, Rudel T, Uriarte M, Hansen M. 
Deforestation driven by urban population 
growth and agricultural trade in the 
twenty-first century. Nature Geosci. 3, 
178–181 (2010).
 ? An important study that combines 
spatially-explicit remote sensing data and 
statistical correlation analysis to assess 
socio-economic drivers of tropical 
deforestation. Subsequent studies have 
built upon the findings of this paper using 
attributions of land use and land-use 
emissions.
22. Ghazoul J, Butler RA, Mateo-Vega J, Koh LP. 
REDD: a reckoning of environment and 
development implications. Trends Ecol. Evol. 
25, 396–402 (2010).
23. Angelsen A. Kaimowitz D. Agricultural 
Technologies and Tropical Deforestation. CABI 
Publishing, Wallingford, UK (2001).
24. Nepstad D, Carvalho G, Barros AC et al. 
Road paving, fire regime feedbacks, and the 
future of Amazon forests. Forest Ecol. Manage. 
154(3), 395–407 (2001).
25. Laurance WF, Balmford A. A global map for 
road building. Nature 495, 308–309 (2013).
26. Gerbens-Leenes W, Nonhebel S. Food and 
land use. The influence of consumption 
patterns on the use of agricultural resources. 
Appetite 45, 24–31 (2005).
27. Stehfest E, Bouwman L, Van Vuuren DP, 
Elzen MGJD, Eickhout B, Kabat P. Climate 
benefits of changing diet. Climatic Change 95, 
83–102 (2009).
28. Verburg PH, Ellis EC, Letourneau A. A 
global assessment of market accessibility and 
market influence for global environmental 
change studies. Environ. Res. Lett. 6, 034019 
(2011).
29. Soares-Filho BS, Nepstad D, Curran LM 
et al. Modelling conservation in the Amazon 
basin. Nature 440, 520–523 (2006).
30. Meijl HV, Rheenen TV, Tabeau A, Eickhout 
B. The impact of different policy 
environments on agricultural land use in 
Europe. Agri. Ecosyst. Environ. 114, 21–38 
(2006).
31. Nepstad D, Boyd W, Stickler CM, Bezerra T, 
Azevedo AA. Responding to climate change 
and the global land crisis: REDD+, market 
transformation and low-emissions rural 
development. Phil. Trans. R. Soc. B Biol. Sci. 
368, (2013).
32. Newton P, Agrawal A, Wollenberg L. 
Enhancing the sustainability of commodity 
supply chains in tropical forest and 
agricultural landscapes. Global Environ. 
Change 23(6), 1761–1772 (2013).
 ? An example of a recent analysis that 
attributes tropical deforestation to specific 
products and discusses opportunities for 
policymakers to intervene and use such 
results to enhance sustainability of tropical 
agriculture.
33. Cherubini F, Stromman AH. Life cycle 
assessment of bioenergy systems: state of the 
art and future challenges. Bioresour. Technol. 
102(2), 437–451 (2011).
 ? A valuable and comprehensive review of 
lifecycle assessments of bioenergy, 
including different methodologies applied. 
Readers primarily interested using lifecycle 
assessments to evaluate all the upstream 
environmental impacts of a particular 
consumer good, including GHG emissions, 
should consult this paper.
34. Gnansounou E, Dauriat A, Villegas J, 
Panichelli L. Life cycle assessment of 
biofuels: energy and greenhouse gas 
balances. Bioresour. Technol. 100,  
4919–4930 (2009).
35. Zaks D, Barford C, Ramankutty N, Foley JA. 
Producer and consumer responsibility for 
greenhouse gas emissions from agricultural 
production – a perspective from the Brazilian 
Amazon. Environ. Res. Lett. 4, 044010 (2009).
36. Carlson KM, Curran LM, Asner GP, Pittman 
AM, Trigg SN, Adeney JM. Carbon emissions 
from forest conversion by Kalimantan oil 
palm plantations. Nature Climate Change 3, 
283–287 (2012).
 ? Combines spatially-explicit remote sensing 
data and a carbon bookkeeping model to 
attribute committed land-use change 
emissions to the expansion of oil palm 
plantations (by area) in an area of 
Indonesia.
37. Karstensen J, Peters GP, Andrew RM. 
Attribution of CO2 emissions from Brazilian 
deforestation to consumers between 1990 and 
2010. Environ. Res. Lett. 8, 024005 (2013).
 ? Combines spatially aggregated regional 
data and a carbon bookkeeping model to 
attribute legacy land-use change emissions 
to Brazilian agricultural products (by 
production) and tracks whether these 
products and their embodied emissions are 
eventually exported.
38. FAO. FAOStat. FAO, Rome, Italy (2013).
39. Schneider A, Friedl MA, Potere D. A new 
map of global urban extent from MODIS 
satellite data. Environ. Res. Lett. 4, 044003 
(2009).
40. Van Der Werf GR, Randerson JT, Giglio L et 
al. Global fire emissions and the contribution 
of deforestation, savanna, forest, agricultural, 
and peat fires (1997–2009). Atmos. Chem. 
Phys. 10, 11707–11735 (2010).
41. IPCC. Guidelines for National Greenhouse Gas 
Inventories. IPCC WGI Technical Support 
Unit, Bracknell, UK, 4 (2006).
42. Ciais P, Cousquet P, Freibauer A, Naegler T. 
Horizontal displacement of carbon associated 
with agriculture and its impacts on 























































Methods for attributing land-use emissions to products Review
245
43. Peters GP, Davis SJ, Andrew R. A synthesis of 
carbon in international trade. Biogeosciences 9, 
3949–4023 (2012).
 ? One of very few studies that has 
comprehensively estimated the quantities 
of biomass carbon (e.g., in agricultural and 
forestry products) that are traded 
internationally, and the only to use a 
sophisticated multiregional input–output 
analysis.
44. Houghton RA, Hobbie JE, Melillo JM et al. 
Changes in the carbon content of terrestrial 
biota and soils between 1860 and 1980: a net 
release of CO2 to the atmosphere. Ecol. 
Monogr. 53(3), 235–262 (1983).
 ? Seminal paper that describes in detail the 
carbon cycle responses assumed by carbon 
bookkeeping models. While estimates of 
carbon stocks and response rates to 
different transitions have evolved, the 
general principles described here underlie 
many of the best current estimates of 
land-use change emissions.
45. FAO. Global Forest Resources Assessment. FAO, 
Rome, Italy (2010).
46. Mullins KA, Griffin WM, Matthews HS. 
Policy implications of uncertainty in modeled 
life-cycle greenhouse gas emissions of 
biofuels. Environ. Sci. Technol. 45(132–138), 
(2011).
47. Smith P, Martino D, Cai Z et al. Agriculture. 
In: Climate Change 2007: Mitigation. 
Contribution of Working Group III to the 
Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change. 
Metz B, Davidson OR, Bosch PR, Dave R, 
Meyer LA (Eds). Cambridge University Press, 
New York, USA (2007).
48. Carlson KM, Curran LM, Ratnasari D et al. 
Committed carbon emissions, deforestation, 
and community land conversion from oil 
palm plantation expansion in West 
Kalimantan, Indonesia. Proc. Natl. Acad. Sci. 
USA 109(19), 7559–7564 (2012).
49. Ramankutty N, Gibbs HK, Achard F, Defries 
R, Foley JA, Houghton RA. Challenges to 
estimating carbon emissions from tropical 
deforestation. Global Change Biol. 13, 51–66 
(2007).
50. Pongratz J, Reick C, Raddatz T, Claussen M. 
Effects of anthopogenic land cover change in 
the carbon cycle of the last millenium. Global 
Biogeochem. Cycle. 23, GB4001 (2009).
51. British Standards Institution. PAS 2050: 
Specification for the Assessment of the Life Cycle 
Greenhouse Gas Emissions of Goods and 
Services. British Standards Institution, 
London, UK (2011).
52. The Greenhouse Gas Protocol. Product 
Life-Cycle Accounting and Reporting Standard. 
World Resources Institute, Washington, DC, 
USA(2011).
53. Morton DC, Defries RS, Shimabukuro YE 
et al. Cropland expansion changes 
deforestation dynamics in the southern 
Brazilian Amazon. Proc. Natl. Acad. Sci. USA 
103(39), 14637–14641 (2006).
54. Barona E, Ramankutty N, Hyman G, 
Coomes OT. The role of pasture and 
soybean in deforestation of the Brazilian 
Amazon. Environ. Res. Lett. 5, 024002 
(2010).
55. Koh LP, Wilcove DS. Is oil palm agriculture 
really destroying tropical biodiversity? 
Conserv. Lett. 1, 60–64 (2008).
56. Meyfroidt P, Phuong VT, Anh HV. 
Trajectories of deforestation, coffee 
expansion and displacement of shifting 
cultivation in the Central Highlands of 
Vietnam. Global Environ. Change 33(5), 
1187–1198, (2014). 
57. Balmford A, Bruner A, Cooper P et al. 
Economic reasons for conserving wild nature. 
Science 297(5583), 950–953 (2002).
58. Stavins RN. The costs of carbon 
sequestration: a revealed-preference approach. 
Am. Econ. Assoc. 89(4), 994–1009 (1999).
59. Jaffe AB, Newell RG, Stavins RN. 
Technological change and the environment. 
In: Handbook of Environmental Economics, 
461–516, K.-G. Mäler and J.R. Vincent, 
(Eds)., Elsevier Science B.V., Amsterdam, The 
Netherlands (2003).
60. Stern N. The Economics of Climate Change: 
The Stern Review. HM Treasury, Cambridge, 
UK. (2006).
61. Magliocca NR, Brown DG, Ellis EC. 
Exploring agricultural livelihood transitions 
with an agent-based virtual laboratory: global 
forces to local decision-making. PLoS One 
8(9), e73241 (2013).
62. Carlson KM, Curran LM. Refined carbon 
accounting for oil palm agriculture: 
disentangling potential contributions of 
indirect emissions and smallholder farmers. 
Carbon Management 4(4), 347–349 (2013).
63. Saikku L, Soimakallio S, Pingoud K. 
Attributing land-use change carbon emissions 
to exported biomass. Environ. Impact Assess. 
Rev. 37, 47–54 (2012).
 ? Recent study that combines regionally 
aggregated data of areas dedicated to 
specific products to attribute legacy 
land-use change emissions in Brazil and 
Indonesia and quantify the emissions 
related to exports from these countries.
64. Burney J, Davis SJ, Lobell D. Greenhouse gas 
mitigation by agricultural intensification. 
Proc. Natl. Acad. Sci. USA 107(26), 
12052–12057 (2010).
65. Searchinger T, Heimlich R, Houghton RA et al. 
Use of U.S. croplands for biofuels increases 
greenhouse gases through emissions from 
land-use change. Science 319, 1238–1240 (2008).
66. Kim H, Kim S, Dale BE. Biofuels, land use 
change, and greenhouse gas emissions: some 
unexplored variables. Environ. Sci. Technol. 
43, 961–967 (2009).
67. Matthews JA, Tan H. Biofuels and indirect 
land use change effects: the debate continues. 
Biofuels Bioprod. Bioref. 3(3), 305–317 
(2009).
68. Watson RT, Noble IR, Bolin B, 
Ravindranath NH, Verardo DJ, Dokken DJ. 
Land Use, Land-Use Change, and Forestry 
[IPCC Special Report]. IPCC, Geneva, 
Switzerland (2000).
69. Repo A, Tuomi M, Liski J. Indirect carbon 
dioxide emissions from producing bioenergy 
from forest harvest residues. Global Change 
Biol. Bioenergy 3(2), 107–115 (2011).
70. Fargione J, Hill J, Tilman D, Polasky S, 
Hawthorne P. Land clearing and the biofuel 
carbon debt. Science 319, 1235–1238 (2008).
71. Dutschke M, Angelsen A. How do we ensure 
permanence and assign liability? In: Moving 
Ahead with REDD: Issues, Options and 
Implications. Angelsen A (Ed.). Center for 
International Forestry Research, Bogor, 
Indonesia, 77–86 (2008).
72. Palmer C. Property rights and liability for 
deforestation under REDD+: Implications for 
‘permanence’ in policy design. Ecol. Econ. 
70(4), 571–576 (2011).
73. Lambin EF, Meyfroidt P. Global land use 
change, economic globalization, and the 
looming land scarcity. Proc. Natl. Acad. Sci. 
USA 108(9), 2465–3472 (2011).
74. Meyfroidt P, Rudel T, Lambin EF. Forest 
transitions, trade, and the global displacement 
of land use. Proc. Natl. Acad. Sci. USA 
107(49), 20917–20922 (2010).
75. Davis SJ, Caldeira K. Consumption-based 
accounting of CO2 emissions. Proc. Natl. 
Acad. Sci. USA 107(12), 5687–5692 (2010).
76. Weinzettel J, Hertwich EG, Peters GP, 
Steen-Olsen K, Galli A. Affluence drives the 
global displacement of land use. Global 
Environ. Change 23(2), 433–438 (2013).
77. Lenzen M, Schaeffer R, Karstensen J, Peters 
GP. Drivers of change in Brazil’s carbon 
dioxide emissions. Climatic Change 121, 
815–824 (2013).
D
o
w
n
lo
ad
ed
 b
y
 [
M
P
I 
M
ax
-P
la
n
k
-I
n
st
it
u
t 
F
u
r 
M
et
eo
ro
lo
g
ie
] 
at
 0
5
:5
2
 2
3
 O
ct
o
b
er
 2
0
1
4
 
